This article describes a study of concrete members rehabilitated with an overlay of Ultra-High Performance Fibre-Reinforced Concrete (UHPFRC) that were subjected to high strain rates. UHPFRC is ideally suited for use in rehabilitation and strengthening of structures. The material has strength of 160 MPa in compression and 8 MPa in tension, and exhibits strainhardening behaviour under uniaxial tension. Its fracture energy (typically about 20 000 J/m 2 ) is 130 times greater than that of conventional concrete. In addition, its dense matrix leads to a very low permeability, thus preventing the ingress of detrimental substances and considerably extending durability. Existing concrete structures can be successfully rehabilitated by adding UHPFRC overlays. The objective of this study was to investigate the structural performance of such composite "UHPFRC-concrete" members subjected to impact loading. Typical load cases inducing high strain rates are vehicle impact, explosion or rockfall. UHPFRC plates were impacted with a drop-weight in bending in order to determine their impact resistance. Static bending tests were also performed on specimens for comparison. Finally, ongoing static and drop-weight tests on slab strips consisting of UHPFRC and normal strength reinforced concrete are briefly described.
INTRODUCTION
The vulnerability of structures with regard to man-made and natural hazards has been increasing in recent years. Changing climatic conditions increase natural dangers, such as rockfall as a consequence of freeze-thaw cycles provoked by increasing average temperatures. Man-made hazards become increasingly important not only with regard to terrorism but also with regard to storage and transport of explosive and aggressive substances and increasing traffic loads. For design, these hazards are generally treated as accidental or abnormal actions.
The vulnerability of existing structures can be reduced by rehabilitating and strengthening them with an ultra-high performance fibre-reinforced concrete (UHPFRC) overlay. This is an efficient method to create durable structures by adding a dense skin and by strengthening the member. Typical UHPFRC has strengths of 160 MPa in compression and 8 MPa in tension, 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada and exhibits strain-hardening behaviour under uniaxial tension. Its fracture energy (typically about 20 000 J/m 2 ) is 130 times greater than that of conventional concrete. In addition, its dense matrix leads to a very low permeability, thus, preventing the ingress of detrimental substances and considerably extending durability.
The long-term and fracture behaviour of composite members combining UHPFRC and conventional reinforced concrete (RC), in the following called "composite UHPFRC-RC elements", was studied previously. It was demonstrated that those members act in a monolithic way and that their structural behaviour is significantly improved [1] - [3] . Also, durability is enhanced due to the low permeability of UHPFRC in its uncracked and cracked stages [4] . The concept has successfully been applied in a pilot project on a bridge deck in Switzerland [3] , [5] . From the mechanical perspective, its strain-hardening tensile behaviour and its high fracture energy distinguish UHPFRC most when compared to conventional concrete. These properties can significantly improve the resistance of UHPFRC to accidental load cases such as vehicle impact, rockfall or explosions.
The aim of this study, currently conducted at the University of Toronto, is to determine the mechanical behaviour of UHPFRC and of composite UHPFRC-RC slab strips. The experimental results are modelled with a finite-element model [6] and analytical mass-spring models.
This paper presents the results of the static tests and of initial impact tests on UHPFRC plates. Furthermore an outlook on the ongoing tests on composite UHPFRC-RC slab strips with first static test results are given.
HAZARD SCENARIOS
UHPFRC is a highly specialized and relatively expensive material. Thus, it should be used in areas that are simultaneously exposed to high mechanical and accidental loading and to the ingress of detrimental substances. In typical structures, load cases inducing high strain rates are generally classified as exceptional or accidental load cases. Examples of such hazard scenarios are shown in Figure 2 . The most common case is vehicle impact on either bridge curbs or columns. Typical vehicles are road vehicles, trains or in some cases ships. In mountainous regions, natural hazards, such as rockfall or avalanches, are dynamic accidental load cases with high strain rates. However, a wide range of structures can be subjected to impact-type loading, such as galleries and marine structures.
UHPFRC UNDER IMPACT LOADING
The material impact behaviour of UHPFRC and ECC (engineered cementitious composite) was investigated in experimental studies [7] , [8] , [9] . The results from uniaxial tension and bending tests under different strain rates showed that the flexural and tensile strength of UHPFRC and ECC increases with increasing strain rates. Higher fibre content in UHPFRC increased the sensitivity of strength to the strain rate. No significant decrease in strain capacity, i.e. strain-hardening, was observed for strain rates dε/dt ≤ 0.1 s -1 . For higher strain rates, a reduction in strain capacity occurred. The strain rates in the presented test program are approximately dε/dt = 2 s -1 . This rate is in the domain where changes in the apparent material properties are observed.
4.
EXPERIMENTAL PROGRAM
Materials
The UHPFRC used in this study was based on the mix design of CEMTEC multiscale ® developed by Rossi [7] . It was developed at the University of Toronto. The aim was to create a self-compacting UHPFRC that does not require heat or pressure curing, using locally 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada available sources, from mostly Canadian materials. The optimisation resulted in the mix design given in Table 1 . The UHPFRC had a water-to-binder-ratio of 0.20 with the binder comprising silica fume and cement. The maximum grain size of the silica sand was 0.5 mm, and 5.5 Vol.-% of straight steel fibres of a length of 10 mm and a diameter of 0.2 mm were incorporated in the mix. The compressive strength of the UHPFRC in this study determined on cylinders with a height of 200 mm and a diameter of 100 mm, was f Uc = 128 MPa at 28 days.
4.2
Uniaxial tensile tests Exploratory tests were performed on dogbone-shaped UHPFRC specimens under uniaxial tension ( Figure 3 ) in order to determine the rate dependency of UHPFRC under uniaxial tension. The tests were closed-loop-controlled by the mean value of the two LVDTs placed at the sides of the specimens (Figure 3a) . Test setup and instrumentation are further described in [10] and [11] . The specimens were equipped with two LVDTs spanning the entire reduced cross section on the back side. Five deformation sensors on the front side measured deformations over portions of the reduced cross-section of the specimen as shown in Figure  3a . The force in the specimen and the stroke of the testing machine were also measured. 
Static UHPFRC plate tests
The static flexural behaviour of the UHPFRC was determined with three-point bending tests (Figure 4 ). This arrangement was chosen to be similar to the drop-weight tests described in the next section. The size of the UHPFRC plates was 600 by 145 by 50 mm. The tests were stroke controlled at a rate of 0.36 mm/min. During the tests, the mid-span deflection (d), support settlements (s1, s2) and the horizontal deformation at mid-span (h) were recorded with potentiometers according to Figure 4 . The mid-span deflection was calculated by considering the support settlements. Load and stroke of the universal test machine used were also recorded. Six specimens were tested at an age of approximately 90 days.
4.4
Drop-weight UHPFRC plate tests The drop-weight tests were performed in a stiff frame ( Figure 5 ). The drop-weight, which had a mass of 10.2 kg, was guided by two rails. Maximum drop height was 1050 mm. The weight was made of steel and had a U-shaped underside to ensure a line impact load. Threepoint-loading of the plates was thus achieved. The UHPFRC plates used in this test had dimensions of 600 by 145 by 50 mm, which was identical to the dimensions of the plates tested statically. The plates were vertically restrained at the supports with steel rollers and (Figure 5 , LC1, LC2) and the strain in the threaded rods with strain gauges. The strain gauges on the threaded rods had been calibrated to the force in the rods prior to the impact tests. The data acquisition recorded the data in parallel at a rate of 2.4 kHz.
These drop-weight tests are currently underway. Results of the first tests of this series are presented in this paper.
5.
RESULTS AND DISUSSION Figure 6 shows the stress-deformation curves for all four uniaxial tensile tests. The deformation is taken as the mean value of displacements of the two LVDTs on the back side of the specimen with a gauge length of 350 mm over the entire reduced cross-section. Stress was calculated by dividing the force by the reduced cross-section of the dogbone specimen. The two tests with the highest strain rates had a higher maximum force and lower strain hardening than the two with the lowest strain rate. In addition, the slope during strain hardening decreased for higher strain rates. The tensile stress f Ut increased by approximately 25% between strain rates of dε//dt = 5 · 10 -3 s -1 and 2 · 10 -2 s -1 respectively. For a strain rate of dε/dt = 2 · 10 -2 s -1 , no hardening, but a plastic plateau was observed until a deformation of ε U,t,max = 0.10%, corresponding to a deformation of 0.35 mm in Figure 6 .
Uniaxial tensile tests
The test results show that UHPFRC performs well under higher strain rates. Strength and fracture energy were increased for higher strain rates. Only the strain hardening capacity seemed to be slightly reduced. More details on the tensile tests can be found in [11] .
5.2
Static UHPFRC plate tests variability of the test results was high with a standard deviation of 27%. More tests are currently underway to produce additional data for statistical analysis. The modulus of rupture was calculated considering a linear-elastic state of stress in the element. This assumption is not true for highly nonlinear strain-hardening materials as UHPFRC and the value is given here only for comparison.
Drop-weight UHPFRC plate tests
The results from three drop-weight tests on UHPFRC plates (U1, U2, U3) are presented in this section. All three specimens were impacted once with a weight of 10.2 kg from a drop height of 1050 mm. The released energy during each drop was 105 J. This energy was calculated directly from the drop potential energy and was verified with accelerometer measurements during the test. The specimens were only partially damaged and did not fail during the impact. The cracking mode indicated that the specimens were failing in bending. No inclined cracks were observed in the specimens. Figure 8a shows the measured accelerations of the drop-weight. The length of the impact was 8 ms. The maximum acceleration in the drop-weight during the impact was approximately 230g with g being the acceleration due to gravity. The force induced by the impactor on the system, which can be directly deduced by F DW = m · ü DW, is given on the right-hand scale of this graph. The maximum force induced was between 20 and 25 kN. In comparison, the total support force, that is the sum of the forces measured with load cells LC1 and LC2 (see Figure 5) , is given in Figure 8b . It can be seen that the maximum force measured was between 15 and 20 kN. Thus, a decrease of the force was observed between the impactor and the supports. This is generally observed in dynamic tests and is due to inertia forces in the specimen and the influence of the plywood damper.
2nd Mid-span deflections versus time are shown in Figure 9a . These values were corrected by the measured support settlements ( Figure 5, f4 and f5) . The maximum mid-span deflections were approximately 5 mm for all three specimens and were reached after 5 ms. Following this, the deflections decreased and became constant at residual deformations of 4 mm and 5 mm at 8 ms. The displacements remained virtually constant beyond that time. Figure 10: Calculated deflection rate Figure 9b shows a typical specimen after the impact. A crack of width approximately 2 mm can be observed at 30 mm from the specimen centre line. The visible crack height was 35 mm, corresponding to 70% of the specimen height. The crack patterns of the two other specimens were similar. Thus, it was concluded that the fracture mode for the given configuration was dominated by bending. The mid-span deflection rate of the specimens df1/dt was calculated as a function of time and is given in Figure 10 . The maximum rate was 2 to 3 m/s. This corresponds to a maximum strain rate at the lower extreme fibre in the centre of the specimen of dε/dt = 2.5 s -1 . The strain rate was calculated by assuming a linear-elastic state of stress in the specimen. This strain rate is within the region of low velocity impact. Strain rate effects in the material are commonly observed within this strain rate [12] .
These test results are currently being analysed in detail using finite-element simulations and nonlinear mass-spring models.
OUTLOOK ON UHPFRC-RC SLAB STRIP TESTS
The second part of the project consisted of static and dynamic testing of composite UHPFRC-RC slab strips as shown in Figure 11 and Figure 12 . The primary parameters were the reinforcement in the bottom, conventional concrete layer, the amount of reinforcing steel provided in the overlay, and the sign of bending moment applied to the system (causing tension or compression in the overlay). Figure 12 shows the force-mid-span deflection diagrams of the statically tested slab strips R+S, NR+S and RR-S. The test of the reinforced concrete specimen R+S was stopped before the failure of the specimen, while the tests on the composite sections NR+S and RR-S were 2nd International Symposium on Advances in Concrete through Science and Engineering 11-13 September 2006, Quebec City, Canada conducted until the force decreased, to evaluate the deformation capacity of the rehabilitated systems. The rehabilitated slab strips had a larger carrying capacity than the original reinforced concrete slab strip. This was partly explained by the increased static height, and the additional reinforcement of specimen RR-S. However, the higher initial stiffness of slab strip RR-S was mainly due to the advantageous strain-hardening behaviour of the UHPFRC in tension. It significantly improved the structural behaviour under service conditions by a partial or complete avoidance of cracking and by a reduction of deflections. The static slab strip tests will be compared to the dynamic drop-weight test results with regard to increase of the carrying and deformation capacity and change in failure mode.
CONCLUSIONS
This paper presents first results of a study of the impact behaviour of reinforced concrete members rehabilitated with an UHPFRC overlay. The following conclusions can be drawn from the study:
1. The exploratory tensile test results suggest an improved structural response of members rehabilitated with an UHPFRC overlay under high strain rates. 2. UHPFRC plates were successfully tested with drop-weight tests at deformation rates of approximately 2.5 s -1 . 3. The static tests on the composite UHPFRC-RC slab strips indicate an increase in strength compared to the reinforced concrete slab strip, due to the increased static height, the strain-hardening properties of the UHPFRC, and, for beam RR-S, the additional reinforcement bars. When the UHPFRC was applied on the tensile side, a significant increase in stiffness under service conditions was observed. Together with the experimental results of the drop-weight tests on composite UHPFRC-RC slab strips and a detailed numerical and analytical analysis currently underway, it is aimed to relate the UHPFRC material behaviour to the structural behaviour and to give recommendations for the dimensioning of such components to withstand applicable structural hazards.
